INTRODUCTION
Sulfur-containing organic molecules are important in the sulfur cycle, as they are widely distributed and satisfy the sulfur requirements of living organisms (Cook et al., 2008; . In soil, organosulfur compounds can account for 95-98 % of total sulfur, existing mainly as sulfate esters, sulfur-containing amino acids, heterocyclic sulfur compounds and sulfonates (Autry & Fitzgerald, 1990; Scherer, 2009) .
During the last decade, long-chain per-and polyfluoroalkyl substances (PFASs), including sulfonated PFASs, have emerged as contaminants of concern due to: their use in products such as surfactants, fire-fighting foams, lubricants, and grease and water repellants (Clarke & Smith, 2011) ; their long-range atmospheric transport (Loewen et al., 2008; Scott et al., 2006; Shoeib et al., 2008; Suja et al., 2009) (Higgins et al., 2005; Loganathan et al., 2007; Schröder, 2003; Sinclair & Kannan, 2006) ; their toxicity (Newsted et al., 2008; Phillips et al., 2007) ; their bioaccumulative potential (Olsen et al., 2003) ; and their resistance to mineralization (Froemel & Knepper, 2010; Murphy, 2010) . Telomerization-based aqueous film-forming foams (AFFFs) have been found to contain a number of fluorotelomer sulfonamides and thioethers (Place & Field, 2012) that could biodegrade to 4 : 2, 6 : 2 and 8 : 2 fluorotelomer sulfonates [F(CF 2 ) n CH 2 CH 2 SO 3 H, n54, 6, 8] as indicated by increased levels in groundwater at military firefighting-training facilities (Schultz et al., 2004) and their detection in fish livers following environmental release (Oakes et al., 2010) .
Microbial degradation of PFASs has mainly been characterized by studying mass loads in sewage treatment plants (Loganathan et al., 2007; Sinclair & Kannan, 2006) , in vitro using mixed sewage inocula (Dinglasan et al., 2004; Rhoads et al., 2008; Wang et al., 2005a, b) or in soil microcosms (Russell et al., 2008) . A major gap in the literature is an understanding of the biochemistry and molecular biology of PFAS biodegradation by micro-organisms in pure culture.
To date, three studies have reported PFAS biotransformations by pure bacterial strains, all pseudomonads. For non-sulfur-containing PFASs, co-metabolic degradation of 8 : 2 fluorotelomer alcohol [FTOH; F(CF 2 ) 8 CH 2 CH 2 OH] by Pseudomonas sp. strains OCY4 and OCW4 (Liu et al., 2007) has been reported. FTOH biodegradation by pure cultures of P. oleovorans (ATCC 29347) and P. butanovora produced polyfluorinated ketones, alcohols and acids via the elimination of CF 2 groups. In the two metabolic pathways characterized, 6 : 2 and 8 : 2 FTOH [F(CF 2 ) n CH 2 CH 2 OH, n56, 8] were converted to the corresponding unsaturated fluorotelomer acids [FTUCAs; F(CF 2 ) n CF5CHCO 2 H, n55, 7] via fluorotelomer acids [FTCAs; F(CF 2 ) n CH 2 CO 2 H, n56, 8], presumably by initial conversion to fluorotelomer aldehyde (FTAL) [F(CF 2 ) n CH 2 CHO, n56, 8] (Kim et al., 2012) . For sulfurcontaining PFASs, difluoromethane sulfonate, trifluoromethane sulfonate and 6 : 2 fluorotelomer sulfonate [6 : 2 FTS; F(CF 2 ) 6 CH 2 CH 2 SO 3 H] were found to be used as sulfur sources by Pseudomonas sp. strain D2 (Key et al., 1998) . Using sewage inocula, Wang et al. (2011) Here, we report the phylogenetic, metabolic, genomic and proteomic characterization of Gordonia sp. strain NB4-1Y, a bacterium capable of metabolizing a range of organosulfur compounds. We employed whole-genome shotgun sequencing to putatively identify ORFs of genes expected to be involved in organosulfur compound metabolism. Two-dimensional differential in-gel electrophoresis (2D-DIGE) was used to detect proteins expressed only in the presence of 6 : 2 FTS, informing the synthesis of a preliminary pathway of 6 : 2 FTS biodegradation in pure culture. Two nitrilotriacetate monooxygenases (NtaAs) may be involved in 6 : 2 FTS desulfonation, and a double bond reductase may reduce 5 : 3 FTUCA to 5 : 3 FTCA. The results represent the first steps towards characterizing specific conversions involved in microbial PFAS metabolism.
METHODS
Chemicals and media preparation. Organosulfur compounds (.98 % pure) were from Sigma with the exception of tetrabutylammonium perflorooctanesulfonate (Fluka) and the potassium salt of 6 : 2 FTS [Synquest Laboratories; certified 93.5 % pure by liquid chromatography-mass spectrometry (LC-MS) and 1 H/ 19 F/ 13 C NMR; the major impurity was CF 3 (CF 2 ) 5 -CH 2 CH 2 -SO 2 -S-CH 2 CH 2 -(CF 2 ) 5 -CF 3 (~5.4 %)]. Synthesis of bis-(3-pentafluorophenylpropyl)-sulfide (PFPS) is described in Van Hamme et al. (2004) .
CyDye DIGE Fluors, Amersham Deep Purple total protein stain, IPG buffer pH 4-7 (GE Healthcare; a standard buffer often used during 2D DIGE), Immobiline DryStrips pH 4-7, PlusOne ammonium persulfate, iodoacetamide, dithiothreitol, tetramethylethylenediamine (TEMED), ReadySol IEF 40 %, Dry Strip cover fluid, Bind Silane and thiourea were from GE Healthcare. Proteomics-grade SDS, L-lysine monohydrochloride, N,N-dimethylformamide, boric acid, urea, glycine and CHAPS were from -ammonio]propanesulfonate (ABS-14) and citric acid were from Calbiochem. Protease inhibitor cocktail (cOmplete ULTRA, mini, EDTA-free) was from Roche and sequencing-grade modified trypsin from Promega.
Sulfur-free acetate (SFA) medium (pH 7.0) was prepared according to Van Hamme et al. (2004) with the following composition per litre: 0.4 g KH 2 PO 4 , 1.6 g K 2 HPO 4 , 1.55 g NH 4 Cl, 5.0 g NaCH 3 COO, 0.165 g MgCl 2 , 0.09 g CaCl 2 ?2H 2 O, 5 ml of Wolfe's minerals and 1 ml of Pfenning's vitamin solution. Organosulfur stock solutions were prepared at 10 mM in absolute ethanol or a 50 : 50 mixture of ethanol and acetone, while MgSO 4 stock solutions were prepared at 12.5 mM in 18 MV water and autoclaved at 121 uC and 827 kPa for 20 min.
Isolation and identification of NB4-1Y. NB4-1Y was isolated by enrichment from vermicompost in 125 ml Erlenmeyer flasks containing 25 ml SFA and 300 mM PFPS added as a sulfur source. Subcultures were prepared weekly for four weeks and pure cultures were screened for their ability to produce biomass when provided with PFPS as a sulfur source.
Phylogenetic identification of NB4-1Y was by 16S rRNA gene analysis. DNA extraction and 16S rRNA gene sequencing were carried out by Macrogen Korea. Sequences were queried against the NCBI database using the BLASTN algorithm (Altschul et al., 1990) . Strains matching closely to NB4-1Y previously described in the literature were used for phylogenetic analyses in MEGA v.5.05 (Tamura et al., 2011) .
Whole-genome shotgun sequencing of NB4-1Y. A wholegenome shotgun sequence of NB4-1Y was obtained in-house on an IonTorrent PGM (Life Technologies) after extracting DNA from cells using a neutral phenol/chloroform extraction protocol (Kieser et al., 2000) . An Ion Xpress Plus Fragment Library kit (Life Technologies) was used to digest DNA and ligate sequencing adaptors. The manufacturer's instructions were followed except that DNA was purified with an EZ-10 Spin Column PCR purification kit (Bio Basic), and adaptor-ligated DNA (300-400 bp) was size selected on a 2 % agarose gel and purified using a HiYield Gel/PCR Fragments extraction kit (RBC Bioscience). Library DNA was quantified with an Ion Library Quantification kit prior to amplification and enrichment with an Ion OneTouch 200 System Template kit. An Ion Sphere Quality Control kit was used to quantify the per cent enriched Ion Sphere Particles and a single 316-chip was used for sequencing, using an Ion PGM 200 Sequencing kit.
In total, 2.75 million reads (mean length 150 bp) generated 411.14 Mb of data of which 1.65 million reads were assembled using MIRA v. 3.4.0 (Chevreux et al., 1999) into 2115 contigs for a total of 5 207 578 bp at 426 coverage. ORF prediction and gene annotation were carried out using the Prokaryotic Annotation Pipeline on the Integrated Services for Genomic Analysis website (http://isga.cgb. indiana.edu/Home) (Hemmerich et al., 2010) . NB4-1Y has a GC content of 67.2 % and 5759 genes were arranged into 231 pathways using Pathway Tools v.16.5 (Karp et al., 2002) .
NB4-1Y in silico analysis of flavin-dependent monooxygenases. The NB4-1Y genome shotgun was used to identify complete ORFs for three putative alkanesulfonate monooxygenases (ssuD), four putative nitrilotriacetate monooxygenases (ntaA), and one taurine dioxygenase (tauD). Related protein sequences were obtained using BLASTP (Altschul et al., 1990) and imported into MEGA v.5.05 to estimate a neighbour-joining tree. A number of additional ssuD, ntaA and tauD sequences were included if they had been characterized in the literature through gene deletion or expression experiments, or if the proteins had been purified and characterized in vitro.
Growth and toxicity experiments. Growth and toxicity experiments with a range of organosulfur compounds were carried out in screw-cap test tubes with Teflon-lined caps containing 5 ml SFA medium, 5 % (v/v) inoculum grown with PFPS as sole added sulfur source, and 40 mM of organosulfur compound. Sterile controls with added sulfur source and inoculated controls with no sulfur added were included. Toxicity was evaluated by incubating NB4-1Y in the presence of each organosulfur compound as well as 40 mM MgSO 4 . OD 600 measurements were made after a 7 day incubation at 30 uC on a tube roller at 50 r.p.m.
6 : 2 FTS biodegradation time course. From a pure culture grown on nutrient agar, cultures of NB4-1Y were established in 50 ml of SFA medium containing 40 mM 6 : 2 FTS and grown with shaking at 150 r.p.m. at 30 uC until an OD 600 of 1.2. Cultures were centrifuged (13 000 g, 4 uC, 10 min), washed twice with 40 ml of SFA medium, and resuspended in a final volume of 20 ml. An aliquot (100 ml) was used to inoculate 10 ml SFA medium in sterile 40 ml amber iChem vials. Vials were supplemented with 40 mM 6 : 2 FTS, 40 mM MgSO 4 , or no sulfur source. In all tubes a total of 40 ml of ethanol was added. Inoculated cultures, inoculated killed controls, and uninoculated controls for all three conditions were prepared to allow for triplicate measurements at each time point. Samples were sacrificed after 0, 12, 24, 36, 48, 72, 96 and 120 h of incubation at 30 uC at 150 r.p.m. At the conclusion of the experiment, a portion of the cultures was streaked onto nutrient agar plates to verify purity.
At each time point, OD 600 was measured, and cultures and controls (10 ml) were killed for LC-MS analyses by addition of 30 ml of Optima acetone. Biomass was pelleted and the supernatant (3 : 1 acetone:culture medium) stored at 4 uC until shipment to 3M Environmental, Health and Safety Operations (St. Paul, MN, USA) for LC-MS analysis.
LC-MS. Standards for 6 : 2 FTS (300-12 000 ng ml 21 ), 6 : 2 FTOH (10-400 ng ml 21 ), 6 : 2 FTCA (10-400 ng ml 21 ) and 6 : 2 FTUCA (10-400 ng ml 21 ) were used for quantification. Eight-point standard curves were fitted to a quadratic function and correlation coefficients were .0.99 for each analyte. Every 12th analysis was a quality control standard and spiked samples were included for every time point. Spike recoveries were calculated by dividing the spiked sample measured amount by the sum of the mean amount of two sample replicates and the spike amount. Spike recoveries were between 63.8 and 105.1 %, with means±SD being 96.5±3.6 % for 6 : 2 FTS, 70.8±4.2 % for 6 : 2 FTOH, 88.2±6.0 % for 6 : 2 FTCA, and 90.9±6.0 % for 6 : 2 FTUCA. Blanks of acetone:culture medium extracts were injected periodically and were always less than 25 % of the lowest standard. Chromatographic separation was achieved at 10 uC using a 5 mm, 4.6 mm 6 100 mm Betasil C18 column equipped with a 5 mm, 4.6 mm 6 50 mm Prism RP guard column. A gradient program, with total flow at 1.0 ml min
21
, was used (mobile phase A: 0.0 min 97 %; 0.5 min 97 %; 11.0 min 5 %; 13.5 min 5 %; 13.6 min 97 %; 17.0 min 97 %) with mobile phase A being 2 mM ammonium acetate in water and mobile phase B being methanol. Negative electrospray ionization using either an Agilent single quad MS or a Sciex API 4000 MS/MS was used for detection by monitoring for appropriate ions [PFBA 169.00, 213.00 amu; PFHxA 313.00 amu; 6 : 2 FTS 427.00 amu; 6 : 2 FTCA 293.00, 377.00 amu; 6 : 2 FTUCA 293.00, 357.00 amu; 6 : 2 FTOH 363.00 amu; 5 : 3 acid 341.00 amu; 5 : 3 unsaturated fluorotelomer acid (5 : 3 Uacid) 339.00 amu].
Culture preparation for proteome analysis. Quadruplicate 10 ml inoculum cultures were prepared in culture tubes for each experimental condition (100 mM MgSO 4 and 100 mM 6 : 2 FTS) and incubated on a tube roller at 30 uC until mid-exponential phase. No-sulfur-added and sterile controls were also prepared, and all inoculum cultures used were plated to verify purity. Once in mid-exponential phase, 2 ml from each inoculum culture was used to inoculate independent 200 ml cultures prepared in 500 ml Erlenmeyer flasks that were incubated aerobically at 30 uC on an orbital shaker at 150 r.p.m. Again, 100 mM MgSO 4 or 100 mM 6 : 2 FTS was provided as the sole added sulfur source in the two experimental conditions, and 2 ml of ethanol was added to MgSO 4 cultures to account for the ethanol used as solvent for the 6 : 2 FTS stock. All cultures were streaked for purity prior to harvesting (3396 g) at 4 uC at mid-exponential phase (42 h and 76 h for MgSO 4 and 6 : 2 FTS cultures, respectively).
Protein extraction and cleanup. Cell extracts were prepared using Patrauchan et al. (2005) as a guide. Cell pellets were washed three times with sterile 18 MV water, washed with 1 ml of 14 M NaCl, harvested (18 000 g, 10 min, 4 uC), and washed with 1 ml Tris-EDTA (TE) buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8.0). Pellets were stored at 280 uC after freezing in liquid N 2 . For cell lysis all steps were carried out at 4 uC with pre-cooled buffers. Cell pellets were thawed on ice and resuspended in 500 ml of lysis buffer [4 % CHAPS, 2 % DMAPS (3-[N,N-Dimethyl(3-myristoylaminopropyl)ammonio] propanesulfonate), 30 mM DTT, 30 mM Tris (pH 8.0)] with 16 protease inhibitor cocktail. After 20 min on ice, cells were disrupted by bead-beating (BioSpec MiniBead Beater) for five 15 s intervals with 3 min rests on ice in screw-cap tubes with 0.7 g of sterile 0.1 mm zirconia/silica beads (BioSpec). Disrupted cells were centrifuged for 15 min at 18 000 g and the supernatant transferred to chilled tubes. Prior to 2D gel electrophoresis, 125 ml aliquots of the cell lysis supernatant were cleaned with a 2-D Clean-Up kit (GE Healthcare) and proteins dissolved in 40 ml cell lysis buffer prior to quantification with a 2-D Quant kit (GE Healthcare).
2D-DIGE. For 2D-DIGE, the pH of protein samples (50 mg) was adjusted to 8.5 with 100 mM NaOH prior to labelling with CyDye DIGE Fluors for 30 min on ice. Half of both the MgSO 4 and 6 : 2 FTS samples were labelled with Cy3, and the other half with Cy5. A pooled sample containing each of the eight samples was prepared and labelled with Cy2. Four samples were then prepared, each containing proteins from the two treatment conditions and the pooled sample. These were brought to 450 ml with rehydration buffer [2 M thiourea, 7 M urea, 2 % w/v CHAPS, 0.04 % bromophenol blue, 5 ml ml 21 IPG buffer (pH 4-7), 2.8 mg ml
21 DTT], and loaded into a reswelling tray with 24 cm, pH 4-7 IPG strips. Reswelling was allowed to proceed overnight before isoelectric focussing (IEF; step and hold 500 V, 0.5 kV h; gradient 1000 V, 0.8 kV h; gradient 10 000 V, 16.5 kV h; gradient 10 000 V, 34.7 kV h) under PlusOne Dry Strip cover fluid at 20 uC using an Ettan IPGphor3 (GE Healthcare). Following IEF, the IPG strips were equilibrated for 15 min in equilibration buffer [50 mM Tris (pH 8.8), 6 M urea, 30 % (v/v) glycerol, 2 % (w/v) SDS, 0.02 % bromophenol blue] with 10 mg ml 21 DTT and an additional 15 min in equilibration buffer with 25 mg ml 21 iodoacetamide, prior to loading onto 12 % SDS-polyacrylamide gels (27622 cm cassettes) for electrophoresis (0.6 W per gel for 13 h; 17 W per gel for 2.5 h) using an Ettan DALTsix electrophoresis system (GE Healthcare). Imaging was carried out using a Typhoon FLA9500 (GE Healthcare), followed by spot matching and statistical analysis with DeCyder 2D 7.0 (GE Healthcare). Proteins were selected for picking if they were absent in all of the MgSO 4 cultures and present in all of the 6 : 2 FTS cultures.
Spot picking and protein identification. For analytical gels, between 350 and 500 mg total protein from a pooled MgSO 4 and 6 : 2 FTS sample was separated as described above, except that the IEF step was extended to 88 kV h to achieve resolution. Gels were stained with Deep Purple, imaged and matched to DIGE gels prior to picking on an Ettan Spot Picker (GE Healthcare). Following in-gel trypsin digestion and peptide extraction, samples were desalted using ZipTip C 18 tips (Millipore) and sequenced on a Bruker LC-MS-MS (ion trap) by the Mass Spectrometry Facility at the University of Guelph. Mascot Server 2.4 (Matrix Science) was used to identify proteins by searching against the NCBInr database and a database of NB4-1Y protein sequences.
RESULTS
Isolation and identification of a C-S bond cleaving bacterial strain NB4-1Y was isolated from vermicompost for its ability to cleave C-S bonds in alkyl chains, using PFPS as a sole sulfur source. PFPS possesses a central sulfur atom blocked by pentafluorobenzene rings on either end of a C 6 alkyl chain. NB4-1Y was indistinguishable from a Gordonia desulfuricans strain, based on sequence alignment of 1352 bp of the 16S rRNA gene sequence. NB4-1Y is able to use a variety of organosulfur compounds as sole sulfur source. Table 1 shows that linear, mono-and di-cyclic and mixed alkyl aromatic sulfides are metabolized, but that tri-cyclic thiophenes such as dibenzothiophene and thianthrene are not, even though the compounds are not toxic at the concentration used (results not shown). NB4-1Y is also able to exploit 6 : 2 FTS as sole sulfur source, while the related per-fluorinated compound perfluorooctanesulfonate (PFOS) does not support growth.
Diversity of oxygenases in NB4-1Y
The NB4-1Y genome is rich in oxygenases, with 72 monooxygenases and 50 dioxygenases annotated. Genes coding for the enzymes of glycolysis and the citric acid cycle are present along with genes necessary for fatty acid, nucleotide and amino acid biosynthesis. Metabolic pathways for degradation of C 1 compounds, ethanol, fatty acids and carboxylates were annotated along with pathways for degradation of alkanes, steroids, and aromatic compounds such as biphenyl, phenol, catechol and atrazine.
Sulfur-specific metabolic genes annotated include those for biosynthesis of cysteine and methionine, sulfate and thiosulfate adenylyltransferases and transporters, four alkanesulfonate transport proteins, and a gene related to dszA (dibenzothiophene-5,5-dioxide monooxygenase). In addition, ORFs for three SsuDs (ISGA 205, 1666 (ISGA 205, , 1835 , four putative NtaAs (ISGA 1218 (ISGA , 1222 , and one TauD (ISGA 768) were found. BLASTP searches for the SsuD and NtaA sequences all returned matches with putative NtaA conserved domains in the flavin-utilizing monooxygenase superfamily from both Gram-positive and Gram-negative organisms. A neighbour-joining tree showed that the NB4-1Y ssuD sequences tended to cluster with putative ntaA genes rather than with previously characterized ssuD sequences (Fig. 1) . They also showed more diversity than the NB4-1Y ntaA sequences, which all clustered together on the tree close to two characterized NtaAs. The single NB4-1Y tauD sequence clustered with the characterized tauD from Escherichia coli K-12 as well as putative tauD genes from closely related actinomycetes.
: 2 FTS biotransformation time course
In order to explore 6 : 2 FTS transformation in NB4-1Y cultures a time-course experiment was carried out. NB4-1Y grew without appreciable lag with a generation time of 6.2 h for the first 24 h when provided with 6 : 2 FTS as sole (Saitou & Nei, 1987) illustrating the relationships of putative desulfinase genes in the NB4-1Y genome with genes of characterized proteins (marked with arrows) and uncharacterized ntaA and tauD genes. The tree is based on alignment of 1719 positions. Ambiguous positions were removed for each sequence pair and codon positions included were 1st, 2nd, 3rd and non-coding. Evolutionary distances were computed using the maximum composite likelihood method (Tamura et al., 2004) and are given in units of the number of base substitutions per site. Bootstrap support is shown at each node as a percentage (Felsenstein, 1985) , based on 2000 resampled datasets. NCBI or EMBL nucleotide accession numbers for each sequence are included in parentheses. An asterisk identifies proteins expressed only in the presence of 6 : 2 FTS.
sulfur source, compared to a generation time of 3.9 h when grown with MgSO 4 (Fig. 2) . While cultures were oxygen limited, the final OD 600 reached 1.2 and 2.1 for 6 : 2 FTSand MgSO 4 -grown cultures, respectively.
In agreement with growth measurements, 6 : 2 FTS levels in the liquid phase of inoculated samples began to decrease after 24 h with concomitant increases in breakdown products (Fig. 3) . At 36 h 6 : 2 FTS levels were below those measured in sterile controls. 6 : 2 FTS was stable in controls decreasing 12 % from 38.6 mmol l 21 to 34 mmol l 21 over the incubation period. Over 120 h the 6 : 2 FTS concentration in NB4-1Y cultures decreased by 44 % from the starting amount. No 6 : 2 FTS was detected in sterile or inoculated controls that had either MgSO 4 or no additional sulfur source added.
Cultures were monitored for the production of 6 : 2 FTOH, 6 : 2 FTCA, 6 : 2 FTUCA, 5 : 3 Uacid, 5 : 3 acid, PFBA and PFHxA. 6 : 2 FTCA began accumulating at 24 h and continued to climb to a final concentration of 1.0 mmol l
21
. At the same time, hydrogen fluoride (HF) elimination from 6 : 2 FTCA was observed with the production and accumulation of 6 : 2 FTUCA to a final concentration of 1.2 mmol l
. The next intermediate that was detected was 5 : 3 Uacid, which accumulated and was further reduced to 5 : 3 acid. These latter two products were not quantified, as authentic standards were not available. Instead, they were identified based on MS data and, if the instrument response for these compounds is similar to that for 6 : 2 FTCA and 6 : 2 FTUCA, then it can be estimated that their concentration in the aqueous phase was 10-fold lower. These breakdown products were not detected in sterile controls containing 6 : 2 FTS or in 6 : 2 FTS-free inoculated and sterile controls. Cultures were also monitored for PFBA and PFHxA, but neither compound was detected over the incubation period in any of the cultures. Other volatile metabolites were detected but could not be identified as authentic standards were not available. 6 : 2 FTOH was detected as an impurity in cultures amended with 6 : 2 FTS. Given that 6 : 2 FTOH was not detected in cultures without added 6 : 2 FTS the most likely source was the 6 : 2 FTS stock. 6 : 2 FTOH levels started to decline after 24 h, and decreased from 0.7 mmol l 21 to 0.3 mmol l 21 over the experiment (Fig. 4) . The amount of 6 : 2 FTOH degraded does not account for the total amount of 6 : 2 FTCA and 6 : 2 FTUCA generated.
Proteins differentially expressed during 6 : 2 FTS metabolism
In order to identify proteins differentially expressed by NB4-1Y during 6 : 2 FTS biodegradation, cell cultures were grown aerobically under identical culture conditions with either 6 : 2 FTS or MgSO 4 as sole sulfur source and analysed by 2D-DIGE. For this study, proteins present only in cell cultures exposed to 6 : 2 FTS were the focus. Of the approximately 1500 proteins resolved on the gels, nine were found to be unique to 6 : 2 FTS cultures on all four DIGE gels prepared (spot volume . 2610 6 , mean ratio .12, t ,1.5610
24
) and were picked for identification (Fig. 5) . Mascot searches against the NCBInr and in-house NB4-1Y protein databases yielded matches for six of the proteins (Table 2) . Two ntaA genes (ISGA 1218 and 1222) in the same region of the NB4-1Y genome were differentially expressed on exposure to 6 : 2 FTS, along with a putative oxidoreductase with hits to double bond reductase-like enzymes (ISGA 563). In the latter case, two spots in the same region of the 2D gel were identified as the same protein. Other proteins expressed included a sulfate ABC transporter ATP-binding protein (CysA; ISGA 1467), two alkyl hydroperoxide reductases (AhpDs; ISGA 3587 and 3588), and a hypothetical protein (ISGA 1999) . The percentage of sulfur-containing amino acids (Table 2) in the two NtaAs (0.20 and 0.67 %) as well as the CysA (0.60 %) was found to be much lower than the mean for all other annotated proteins in the genome, which was 2.87 %. The double bond reductase and the two AhpDs have sulfur contents that are much closer to, or higher than, the mean.
DISCUSSION
Gordonia spp. are soil actinomycetes in the Corynebacterineae recognized as versatile degraders of pollutants that play roles in sewage treatment, can be opportunistic pathogens, and have biosynthetic abilities with biotechnological applications (Arenskötter et al., 2004; Drzyzga, 2012) . Gordonia sp. strain NB4-1Y, which is closely related to the benzothiophene-desulfurizing Gordonia desulfuricans 213E (Kim et al., 1999) , was found to have broad capacity for extracting sulfur from aliphatic and, to a lesser extent, heterocyclic organosulfur compounds, as reflected by the presence of multiple desulfinase genes in the genome.
Of interest here is the ability of NB4-1Y to grow using 6 : 2 FTS as sulfur source, a compound found to degrade slowly in wastewater treatment plants. As discussed by Wang et al. (2011) , slow 6 : 2 FTS transformation rates could be attributed to absorption to organic material or to steric hindrance arising from the large, rigid molecular structure of the polyfluorinated tail. The presence of inorganic sulfate likely impacts 6 : 2 FTS biodegradation as expression of enzymes for sulfur removal from organic molecules is generally repressed in the presence of sulfate (Cook et al., 2008; Erwin et al., 2005; van der Ploeg et al., 2001) .
In this study, an exhaustive search for 6 : 2 FTS metabolites was not carried out, but based on the compounds detected, Table 2 are listed on the left.
proteomics data, and reports in the literature describing degradation of 6 : 2 FTS and FTOHs (Kim et al., 2012; Liu et al., 2007 Liu et al., , 2010 Wang et al., 2011) , we propose a preliminary pathway for 6 : 2 FTS biodegradation by NB4-1Y (Fig. 6 ). It can be postulated that 6 : 2 FTS is first desulfonated by flavin-dependent nitrilotriacetate monooxygenases (ISGA 1218 and 1222) to 6 : 2 FTAL and sulfite. The 6 : 2 FTAL would then be oxidized to 6 : 2 FTCA, which was found to accumulate in NB4-1Y cultures, prior to spontaneous HF elimination to generate the observed 6 : 2 FTUCA. It is hypothesized that 6 : 2 FTUCA is a poor substrate for the enzymes of fatty acid metabolism and, as such, the addition of water to 6 : 2 FTUCA would add an hydroxyl group to the beta carbon prior to a second HF elimination producing a 5 : 3 acid with a ketone at the beta carbon. The ketone would be then reduced to an alcohol and elimination of water would finally generate 5 : 3 Uacid followed by production of 5 : 3 acid by reduction of the double bond, possibly by ISGA 563, which is related to double bond reductase-like enzymes. Some of the FTCA and FTUCAs observed here probably arose from degradation of contaminating FTOH, as both saturated and unsaturated fluorotelomer acids have been previously observed during FTOH degradation (Dinglasan et al., 2004; Liu et al., 2007; Nabb et al., 2007; Wang et al., 2005b) .
It is possible that either ISGA 1218 or 1222 is responsible for the desulfonation of 6 : 2 FTS in NB4-1Y. SsuDs and NtaAs are all in a subclass of flavoprotein monooxygenases that use reduced FMN generated by a reductase as a coenzyme, as well as NADPH and/or NADH (van Berkel et al., 2006) . These enzymes catalyse a range of reactions, including desulfurization of sulfonated compounds in the case of SsuD and conversion of nitrilotriacetate to iminodiacetate and glyoxylate in the case of NtaA (Ellis, 2010; Kim et al., 2006) . The fact that the genes initially annotated as ssuD in NB4-1Y clustered more closely to ntaA genes rather than characterized ssuD genes may be attributed to the previously observed sequence similarities between these groups of enzymes (van Berkel et al., 2006; Xu et al., 1997) . The tauD gene found in NB4-1Y clustered closely with other putative and characterized tauD genes. TauD is an alpha-ketoglutarate-dependent dioxygenase that releases sulfite from taurine (2-aminoethane sulfonate) (Eichhorn et al., 1997 Robbins & Ellis, 2012) and TauD (Bollinger et al., 2005) enzymes that have been characterized in vitro have broad substrate specificity and could be hypothesized to have activity against fluorinated organic molecules that are hydrogenated at the C-1 position adjacent to the sulfonate moiety.
Unlike this study, Wang et al. (2011) reported that neither 6 : 2 FTCA nor 5 : 3 Uacid accumulated in culture media during 6 : 2 FTS biodegradation by sewage inocula over a 90 day incubation due to rapid conversion to 6 : 2 FTUCA and 5 : 3 acid, respectively. Liu et al. (2010) noted that 5 : 3 Uacid was transient while studying aerobic mixed-culture degradation of 6 : 2 FTOH. Of the more than 13 metabolites identified, they observed 6 : 2 FTCA and 6 : 2 FTUCA along with 5 : 3 acid as stable products. The production of long-chain fluorotelomer acids is of concern given their toxicity (Phillips et al., 2007) . The difference observed with NB4-1Y is likely due to the shorter incubation time used, and the fact that co-metabolic reactions may have been occurring in the mixed-culture studies. Wang et al. (2011) did observe that 6 : 2 FTUCA was converted to 5 : 3 acid to a limited extent and that most of the 6 : 2 FTUCA was converted to PFPeA and PFHxA via 5 : 2 ketone and 5 : 2 sFTOH. They speculated that a suite of enzymes was present in their mixed cultures that were able to catalyse the shortening of 6 : 2 FTS via the removal of F and C atoms. In particular, the involvement of monooxygenases, dehydrogenases, hydratases, and decarboxylases was hypothesized. This is in agreement with the detection of NtaAs and a putative double bond reductase in this study.
Of the remaining proteins differentially expressed by NB4-1Y upon exposure to 6 : 2 FTS, it was not surprising to observe a CysA, given that the organism was starved of sulfate. The percentage of sulfur-containing amino acids in this sulfate transporter as well as the NtaAs that were expressed was found to be four-to 14-fold lower than the mean for all other proteins annotated in the genome. This is in agreement with recent work by Scott et al. (2007) who found that the thiol content of Pseudomonas putida KT2440 was reduced fivefold under sulfur-starvation conditions. Overall, they found that proteins associated with sulfate limitation and acquisition of sulfur from organosulfur compounds had significantly lower contents of sulfur-containing amino acids and that the genes for these proteins are closely arranged in the genomes of a range of bacteria.
The AhpD proteins detected here are peroxidases expressed in response to metabolic stress and it is possible that there were undetected intermediates increasing oxidative stress in the cultures. Future proteomic work to compare cells grown with 6 : 2 FTS to cells grown with octanesulfonate may help to shed light on this phenomenon. Interestingly, these proteins along with the putative double bond reductase had sulfur-containing amino acid contents closer to the mean for the total proteome, undoubtedly because they are not related to sulfate-starvation.
In summary, this work identifies a Gordonia sp. with the capacity to degrade 6 : 2 FTS as sole sulfur source in pure culture. A preliminary metabolic pathway is proposed, identifying two monooxygenases that may catalyse the desulfonation of 6 : 2 FTS, as well as a reductase that may be responsible for converting 5 : 3 Uacid to 5 : 3 acid. The draft genome sequence presented here will be useful in guiding mutation experiments and further proteomics experiments aimed at testing the validity of the biodegradation pathway proposed. Such analyses will offer an improved understanding of the abiotic and biotic chemical reactions that impact PFAS degradation by NB4-1Y and other organisms. Ultimately, these studies will lead to molecular tools for evaluating the ecological diversity of PFAS-degrading organisms and understanding their functional roles in contaminated systems. 
